Abstract An electrochemical sensor was prepared to detect nicotine by depositing copper nanoparticles (Cu NPs) on the surface of a glassy carbon electrode (GCE) modified with multi-walled carbon nanotubes (MWNTs). The modified electrode was characterized by scanning electron microscopy and cyclic voltammetry. The novel-modified sensor exhibited effective electrocatalytic activities toward anodic oxidation of nicotine. Calibration plot showed two linear regions with different sensitivity, 1.121 (r 2 = 0.982) in the range from 1 9 10 -6 to 9 9 10 -5 M and 0.164 (r 2 = 0.982) from 1 9 10 -4 M up to 1 9 10 -3 M. The detection limit was 1 lM. For six parallel detections of 1 mM nicotine, the relative standard deviation was 5.68 %, suggesting that the film-modified electrode had good reproducibility. Experimental parameters affecting the sensor response such as pH, modifier concentration and electrodeposition scan rate were found to be optimum at 7.0, 2 mg mL -1 and 80 mV s -1 , respectively.
Introduction
Five million people annually die due to adverse effects of smoking, a common risk factor for cardiovascular diseases [1, 2] . As a main component of tobacco smoke, nicotine has been the topic of many researches. Several techniques have been employed to identify nicotine, such as chromatography [1] [2] [3] , spectrophotometry [4] , and Raman spectroscopy [5] . These techniques are generally complex and include time-consuming steps of preparation and preconcentration [6] . In contrast, electrochemical methods are simple, inexpensive, and reliable approaches for the detection of nicotine [6] [7] [8] [9] . However, they have some limitations, such as slow oxidation/reduction and low sensitivity [10] [11] [12] . There are two ways to improve the sensitivity of the sensing electrode, namely changing the base electrode material [8, 13, 14] or using the surface modifiers [15, 16] . Despite the simplicity of the former, the corresponding peak potential of nicotine oxidation through this method is much higher than the similar previous findings with other methods [8] . In contrast, the surface modifiers are more affordable and comprise a collection of diverse options. So far as the authors are concerned, some surface modifiers, such as MWNTs [7] and carbon nanotube clusters [8] have been employed in nicotine detection; for instance, MWNTs/GCE have been used to improve detection limit of nicotine to 9.3 [7] and 2.0 lM [8] using clusters of carbon nanotube-modified GCE. To further enhance the electrocatalytic activity for the oxidation of nicotine in the present research, the researchers modified GCE by MWNTs and copper nanoparticles (Cu NPs). MWNTs could significantly improve the sensitivity when they were combined with Cu NPs. This improvement facilitates the electron transfer in electrochemical reactions. The modified electrodes with MWNTs and Cu NPs have already been used to identify carbohydrates [17] , glucose, and hydrogen peroxide [18] . It should be noted that, Cu NPs are cheaper and more available than other nano-particulate modifiers such as gold [19] [20] [21] [22] and platinum [23] [24] [25] [26] nanoparticles. Besides, regarding the combination of Cu NPs and MWNTs in this study, the researchers directly used cyclic voltammetry (CV) for the deposition of Cu NPs. This method is easier and simpler than the conventional methods such as chronoamperometry and potential step [23] . Recently, using this method to deposit Pt nano-flowers on single-walled carbon nanotube membrane, Su et. al [26] achieved a very good sensitivity (7.27 lA cm -2 mM -1
).
Materials and Methods

Reagent
MWNTs were purchased from the Research Institute of Petroleum Industry (RIPI) of Iran. Nicotine and all the other chemicals were purchased from Merck Company. The main solvent was distilled water, which was prepared in the laboratory. N, N dimethylformamide (DMF) with purity of (GC) [99.8 % was also purchased from Merck. Alumina slurry (0.05 lm) was used for polishing and nitrogen (99.99 %) was used for drying.
Instrumentation
Cyclic voltammetry was carried out with electrochemical analyzer (l Autolab-Type III, made in Netherlands). The three-electrode configuration consisted of a modified glassy carbon electrode (1.8 mm diameter) as the working electrode, Pt wire as the auxiliary electrode, and Ag/AgCl (3 M) as the reference electrode. Sonication was carried out with ultrasound (WiseClean, made in Korea).
Preparation of MWNTs
Before using MWNTs for modifying the surface, they were functionalized with a carboxylic acid group. For this purpose, MWNTs were refluxed in a mixture of concentrated HNO 3 and H 2 SO 4 (1:3 v/v) for 24 h. Then, they were washed several times with distilled water until pH = 7.0 was achieved. 
Result and discussion
Electrochemical behavior of nicotine
Voltammograms of GCE, MWNTs-GCE, and Cu NPs/ MWNTs/GCE were recorded at the scan rate of 50 mVs Oxidation potential of nicotine in this study was much lower than the corresponding values for boron-doped diamond electrodes (?1.3 V vs. Ag/AgCl) [8] , and the pencil graphite electrode (?0.91 V vs. Ag/AgCl) [13] . The peak potential of nicotine in this study was consistent with the value of metal-free carbon nanotube cluster-modified electrodes observed by Highton et al. [7] .
Comparison of the CVs of modified and unmodified GCE showed that anodic current intensity increased sharply in the presence of the MWNTs and Cu NPs. In addition, oxidation of nicotine was catalyzed on the surface electrode, and the potential peak was shifted negatively. As can be seen in Fig. 1 , the response to nicotine was clearly improved with a Cu NPs/MWNTs/GCE, indicating that GCE has been modified effectively by MWNTs and Cu NPs. The better performance of MWNTs/GCE compared with that of GCE may be due to nano-scale dimensions, electronic structure, and topological defects on the surface of the MWNTs [9, 21] . The CV of Cu NPs/MWNTs/GCE in absence nicotine (Fig. 1d ) had no pick, confirming that the peak at ?0.75 V related to the oxidation of nicotine (Fig. 1c) .
Surface morphology of electrodes Figure 2a , b show the SEM image of the electrodes MWNTs/GCE and Cu NPs/MWNTs/GCE, respectively. As shown in Fig. 2b , Cu NPs were deposited in the form of compact spheres. They have formed homogeneous uniformly distributed nanoparticles on the surface electrode. Their average size was 90 nm, which means that Cu NPs had surface characteristics such as high specific surface, high activity surface reaction, and effective transferring channels for analyte molecules to reach the active site, which helped to improve the sensitivity of the electrode.
Investigation of experimental parameters
Review of reports indicates that pH, amount of modifier, concentration of MWNTs suspension, electro-deposition scan rate, number of cycles, and the concentration of Cu2? cation are experimental parameters affecting the sensor response. According to the researchers' preliminary studies, the suitable amounts of modifier, number of cycles, and concentration of Cu2? cation were obtained to be 10 lL, 20, and 1.75 lmol L -1 , respectively. In the present study, the effect of pH, concentration of MWNTs suspension, and electro-deposition scan rate were investigated as follows.
Effect of pH
The electrochemical properties of nicotine have been considered as a function of pH [9] . So, its behavior on the MWNTs/GCE was studied by CV at different pHs. One of the most important electrochemical properties is its catalytic effect. To optimize it, the researchers recorded the voltammograms in the pH range of 6-10.
As shown in Fig. 3a , the modified electrode exhibited an electrocatalytic activity in response to the irreversible oxidation of nicotine in the pH range of 6-10. Maximum intensity of the peak current was at pH = 7. Therefore, this value was used as an optimum pH for all foregoing experiments. Figure 3b depicts values of the peak potential variation versus pH. As can be seen, with increasing pH from acidic to basic, the peak potential was shifted toward the lower oxidation potential, indicating that protons were involved in the oxidation of nicotine.
As can be observed in Fig. 3 , there is a linear relationship over the PH interval of 6-10 that will deviate outside from this range. This may be due to the pKa values of groups' pyridine n pyrrolidine, the values of which were equal to 3.12 and 8.02, respectively. Slope of this curve (-61 mV/pH) is close to the theoretical value (-58.6 mV/ pH), indicating that there were equal number of electrons and protons in the electrochemical oxidation of nicotine.
Effect of the concentration of MWNT suspension
The influence of MWNTs' concentration on the enhancement of electro catalytic oxidation of nicotine was evaluated. To optimize MWNT concentration, the researchers prepared four concentrations of MWNT suspension (1.0, 2.0, 2.5, 3.0 mg/mL) in DMF solvent. Then, 10 lL of each suspension was used for modifying GCE surface. After electrodepositing of Cu NPs on the surface electrodes by CV, peak current response of Cu NPs/ MWNTs/GCE was determined in the presence of 0.001 M nicotine in the phosphate buffer (pH 7.0) and scan rate of 50 mV s -1 . As shown in Fig. 4 , the oxidative peak current increased with increasing the concentration of MWNTs suspension in lower concentrations; while in higher concentrations, it declined with increasing concentration. This may be due to the increase in the numbers of active sites in the first region of the curve.
In the second region of the curve, however, the number of MWNT layers increased with increasing concentration, and the direct contact between the inner MWNTs and the analyte solution was weakened by further increasing the concentration of MWNTs; the background current was increased and MWNTs were fallen down in the solution. The optimum concentration of MWNTs was revealed to be 2 mg mL -1 .
Effect of scan rate
Effect of scan rate on the oxidation of nicotine on the surface of Cu NPs/MWNTs/GCE at different scan rates from 10 to 80 mV/s was, also, studied. With decreasing scan rate, no reduction peak was observed, which confirmed the irreversible oxidation of nicotine. There was a good linear relationship (Fig. 5) between the peak currents and square root of scan rates (v 1/2 ), indicating that the oxidation of nicotine was controlled by a diffusion process.
Reproducibility and stability of the sensor
To demonstrate the accuracy and achievability of this proposed method for electro-deposition of Cu NPs, the Electrode stability was studied under the conditions of 25°C, pH = 7.0 and using 0.1 M phosphate buffer containing 0.001 mM nicotine. The sensor was stored in 0.1 M phosphate buffer, and examined once an hour (Fig. 6) . In Fig. 6 , DI is the difference of electrode current after storage. As can be seen, there is 14 % loss of initial response within 1 h. After 10 h, the response current retained 60 % of its initial response. The decrease in response may be due to the reduced activity of Cu NPs or nicotine deposits on the electrode surface.
Calibration curve
Since the peak current depends on the concentration of nicotine, CV method was used for drawing the calibration curve. Figure 7 is a plot showing that how the current responses of MWNTs/GCE and Cu NPs/MWNTs/GCE change with the concentration of nicotine, at optimum conditions. For MWNTs/GCE, it is linear in the concentration range of 1 9 10 -6 -9 9 10 
Conclusion
This report described a novel, sensitive, and widely applicable detection method using copper nanoparticles (Cu NPs)/MWNTs/GCE. This modification with Cu NPs and MWNTs improved the sensitivity of the nicotine determination by reducing the over potential and increasing the current. Experimental parameters affecting the sensor response, such as pH, concentration of MWNT suspension, electro-deposition scan rate, were studied and optimized at 7.0, 2 mg mL -1 , and 80 mV s -1 , respectively. SEM images showed good dispersion of copper nanoparticles over CNT surface. The electrode exhibited a high catalytic activity toward the oxidation of nicotine with a slope calibration curve of 1.121 lA/mM in the range from 1 9 10 -6 M to 9 9 10 -5 M and another slope curve of 0.164 in the range from 1 9 10 -4 to 1 9 10 -3 M. The sensor displayed a good response to nicotine with a LOD of 1 lM. These results suggest that carbon nanotubes and copper nanoparticles are effective modifiers to enhance the sensitivity of glassy carbon electrode. It was observed that MWNTs and Cu NPs could facilitate the exchange of electrons with the electrode.
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